Abstract. Artesunate (AS) in combination with sulfadoxine/pyrimethamine (SP) is the first-line therapy for management of uncomplicated Plasmodium falciparum malaria in Sudan. The objective of this study was to assess the potential impact of SP on the pharmacokinetics of AS and its active metabolite, dihydroartemisinin (DHA), in healthy adults. A single-dose, randomized, open-label, crossover study design with a washout period of three weeks was performed with 16 volunteers. After oral administration of AS alone or in combination with SP, T max values of AS and DHA were significantly prolonged in the combination group (P 0.05). However, there was no significant effect on the other pharmacokinetic parameters (P 0.05). The t 1/2 values of AS and DHA were significantly higher in females than in males (P 0.05). The present findings suggest that co-administration of SP with AS has no clinically relevant impact on the pharmacokinetics of AS or DHA in healthy persons.
INTRODUCTION
Malaria is one of the deadliest infectious diseases. It results in a high number of deaths because of high prevalence, but in general if treated early is not fatal, unlike some other infections. In 2010, it caused almost 655,000 deaths worldwide, of which 91% were in Africa. 1 Most of the burden is in subSaharan Africa, where Plasmodium falciparum, in particular, affects young children and pregnant women. 2 In Sudan, it is estimated that 7.5-10 million cases of malaria and 35,000 deaths occur every year. 3 Resistance to most antimalarial therapies is well documented worldwide. In eastern and southern Sudan, there has been a spread of chloroquine and sulfadoxine/pyrimethamine (SP)-resistant P. falciparum infections. 4, 5 As older monotherapy regimens become less effective, a consensus has emerged for the use of combination treatments for malaria. Although all artemisinin derivatives are effective against multidrug resistance, but when administered alone have led to high rate of recrudescence. Thus, the World Health Organization recommends the use of artemisinin-based combination therapies (ACTs) to improve antimalarial effectiveness and reduce the selection of drug-resistant parasites to a minimum. The commonly used ACTs were artemether-lumefantrine, artesunate (AS)-amodiaquine, AS-mefloquine, and AS-SP. 1 The ACTs have proved effective against malaria in Asia and Africa, and most countries in Africa, including Sudan, have now changed their national regimens to incorporate ACT regimens as first-line treatment of uncomplicated malaria. 6, 7 In Sudan, the current protocol for managing uncomplicated P. falciparum malaria is AS in combination with SP and artemether-lumefantrine as first-line and second-line therapies, respectively. 8 Artesunate is a semi-synthetic derivative of artemisinin whose water solubility facilitates its absorption and provides an advantage over other derivatives regarding its formulation in various dosage forms including oral, rectal, intramuscular and intravenous preparations. It is rapidly converted in vivo to its active metabolite dihydroartemisinin (DHA), which is responsible for most of the anti-malarial activity. 9, 10 Because of high relapse rates of short-course AS monoherapy, it is combined with longer acting anti-malarial agents, such as mefloquine or amodiaquine or SP for oral treatment of uncomplicated falciparum malaria. 1, 11 Because of the therapeutic significance of AS and its multiple effective routes of administration, and the need for appropriate dosage regimens to prevent suboptimal efficacy or emerging resistance, research describing the pharmacokinetics of AS and its active metabolite, DHA, is of substantial clinical relevance. 12 Quantitative determination of artemisinin derivatives in biological fluids is a challenging problem because they lack ultraviolet and fluorescent chromophore groups. 13 Previously, the main methods for their quantification were electrochemical detection with detection limits of approximately 10 ng/mL by using sample volumes of approximately 0.5-1 mL plasma or post-column derivatization with methanolic alkali and subsequent ultraviolet detection with limits of detection of approximately 30 ng/mL. [14] [15] [16] [17] [18] [19] [20] Currently, the suitable method for quantification of these compounds in plasma is liquid chromatography coupled with mass spectrometry detection (LC-Ms or LC-MS/MS) with quantification limits of approximately 1 ng/mL using only 50-μL plasma sample volumes. [21] [22] [23] [24] [25] However, some of the problems encountered the latter bioanalytical methods include lack of appropriate stable isotope-labeled AS and DHA internal standards, in addition to expensive solid phase extraction cartridges that most commonly used for extraction of AS and DHA from biological samples.
Despite the widespread use of the combination of AS and SP, sparse data are available on the pharmacokinetic interactions between these drugs. Two studies have shown that the concomitant administration of AS with SP does not have an impact on the pharmacokinetic parameters of SP. 26, 27 However, the pharmacokinetics of AS when combined with SP is poorly documented. Sulfadoxine is significantly bound to plasma proteins, mainly albumin, and it may potentially compete with other concomitant drugs for protein binding sites. Displacement of plasma protein binding of AS or DHA by sulfadoxine is a potential source for pharmacokinetic drug interactions. The objective of the present study was to investigate the pharmacokinetic profiles of AS and its active metabolite, DHA, after a single oral dose of AS alone and in combination with SP in healthy adult Sudanese volunteers.
MATERIALS AND METHODS
Chemicals and reagents. Artesunate, DHA and internal standard (IS), artemisinin, were kindly supplied by Dafra Pharma (Turnhout, Belgium). Water was purified using a Milli-Q water device (Millipore, Bedford, MA). The Oasis HLB solid-phase extraction (SPE) cartridges were obtained from Waters Corporation (Milford, MA). All other chemicals and reagents were analytical grade and solvents were highperformance liquid chromatography grade.
Volunteers. The sample size was calculated on the basis of a cross-over design, considering an intra-individual coefficient of variation of 20%, a power of 80% and a significance level of 5%. 28 The calculated sample size was 18 volunteers; thus, taking into consideration potential withdrawals and dropouts, 24 volunteers were enrolled. Of these volunteers, six were excluded because of significant deviations from the parameters of clinical chemistry, renal and liver dysfunction, and a known history of allergy to sulfa drugs. In addition, two women failed to complete the study because of personal reasons were also excluded. Sixteen healthy, non-obese, adult volunteers (nine men and seven women) participated in this study. The women were not breast-feeding or pregnant.
The volunteers were considered healthy and included in the study if they had no history of chronic disease states (normal physical examination and laboratory tests results for complete blood count, serum creatinine, blood urea nitrogen, total protein, serum bilirubin, liver enzymes), were free of infectious diseases (e.g., malaria, infection with human immunodeficiency virus, hepatitis), non-smokers and no known history of allergy to AS, pyrimethamine, or sulfa drugs. The volunteers had not taken SP for four weeks preceding the study period, and were instructed to abstain from taking any medication at least one week before and during the study. Written informed consent was obtained from each volunteer before enrolling in the study. Ethical approval was obtained from the Ethical Board of Federal Ministry of HealthResearch Directorate, Sudan.
Procedure. The study was conducted in Khartoum, Sudan, during March-May (warm and dry season), and was in accordance with the Helsinki Declaration (as revised in 2004, Tokyo, Japan). The study design was a randomized, open, crossover with a wash-out period of three weeks. Simple random sampling was used for volunteer allocation into two groups. After a 12-hour overnight fasting, the first group received a single AS oral dose of 200 mg and the second group received a single oral dose of AS (200 mg) in combination with Fansidar (Roche, Basel, Switzerland) (3 tablets: 500 mg of sulfadoxine/25 mg of pyrimethamine per tablet). The first and second groups received the opposite treatment after a washout period of three weeks.
The doses were swallowed with 240 mL of water. Food and water were not allowed for four hours post-drug administration. Blood (5 mL) samples were withdrawn into heparinized tubes before dosing and at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4, 4.5, 5, 6, 9, and 12 hours after drug administration. Plasma samples were immediately separated by centrifugation at 2,000 + g and kept frozen at −80 C pending analysis.
Instrumentation. The chromatographic system, Waters Alliance 2695, consisted of a solvent delivery system, and an autosampler (Waters Corporation). Separation of the analytes was performed on a Symmetry C 18 column (5 μm, 3.9 + 50 mm) and a guard column of the same material. The mobile phase used consisted of methanol-ammonium acetate (10 mM), (85:15, v/v) and delivered at a flow rate of 0.2 mL/min to a positive electrospray ionization interface of a tandem triple quadrupole mass spectrometer (Quattro LC; Micromass, Manchester, United Kingdom). Tuning parameters of MS and MS-MS were optimized by direct infusion of solutions of AS, DHA, and the IS in the mobile phase into the ionization probe at a flow rate of 10 μL/min by using a syringe. The ion source and desolvation temperatures were set at 100 C and 275 C, respectively. The capillary voltage was adjusted at 3.5 kV. The cone voltage was adjusted at 15, 20, and 25 V for AS, DHA and IS, respectively. The collision energy was adjusted at 10 eV and collision gas pressure at 1.0 Standard solutions, calibration standards, and quality control samples. Stock solutions (1.0 mg/mL) of AS and DHA were prepared separately by dissolving 10 mg of each compound powder in 10 mL of acetonitrile. A 1.0-mL aliquot of AS or DHA stock solution (1.0 mg/mL) was further diluted with methanol to yield a working standard solution of 1.0 μg/mL. Conversely, a stock solution of the internal standard, IS, was prepared by dissolving 10 mg of the IS powder in 10 mL of acetonitrile and then further diluted it in methanol to yield a working standard solution of 10 μg/mL. All solutions were stored at −20 C pending analysis. The calibration curves of AS and DHA were prepared by spiking drug-free human plasma with concentrations of 1, 5, 20, 40, 100, 200, 500, 1,000, and 2,000 ng/mL. The spiked plasma samples (10 mL) were aliquoted (600 μL) into Eppendorff (Hamburg, Germany) polypropylene tubes and kept frozen at −80 C pending analysis.
Similarly, quality control samples were prepared in drugfree human plasma at concentrations of 10, 50, 300, and 1,500 ng/mL. The spiked plasma samples were aliquoted (600 μL) into Eppendorff polypropylene tubes and kept frozen at −80 C pending analysis.
Assay procedure. Before assay, frozen human plasma samples, including calibrators, QC samples or volunteer samples, were thawed at ambient temperature and then vortex-mixed for 30 seconds before extraction. The extraction procedure was carried out using Oasis HLB SPE cartridges. For each sample, an SPE cartridge was conditioned with 1 mL of methanol and then equilibrated with 1 mL of 1.0 M acetic acid. A 500-μL aliquot of each plasma sample, followed by 25 μL of the IS (10 μg/mL), were loaded onto the activated cartridges and mixed gently for 30 seconds. After loading, the cartridges were then washed with 2 mL of acetic acid and 20% methanol in 1.0 M acetic acid. The AS, DHA, and the IS were then eluted with 2 mL of 40% ethyl acetate in chlorobutane under a vacuum of 5 mm of Hg into a clean glass test tube. The eluent was evaporated under stream of nitrogen gas and then reconstituted with 200 μL of mobile phase. A 100-μL aliquot of this solution was transferred into the autosampler and 10 μL was then injected into the LC-MS/MS system. The tandem mass assay method for simultaneous quantification of AS and DHA was developed for human plasma and fully validated. The assay method was validated for linearity, accuracy, precision, selectivity, stability, and matrix effect according to the standard methods. 29, 30 Pharmacokinetic analysis. The pharmacokinetic parameters for AS and DHA were estimated by standard noncompartmental models. The maximum plasma concentration (C max ) and time needed to attain this concentration (T max ) were directly obtained from the drug plasma profiles; the drug plasma elimination half-life (t 1/2 ) values were calculated as ln2/k el . Areas under the plasma concentration-time curves (AUC 0-1 ) were calculated by using the linear trapezoidal rule. The oral clearance (CL/F) was calculated as (dose/AUC 0-1 ), and the volume of distribution (Vd/F) was calculated as (Dose/k el .AUC 0-1 ). The pharmacokinetic computations were performed by using WinNonLin version 5.10 software (Pharsight, St. Louis, MO). Data were entered into SPSS version 17 (IBM, Armonk, NY), and a descriptive analysis was performed. The comparison of pharmacokinetic data between both groups (AS alone and AS in combination with SP) was carried out by using the Wilcoxon signed rank test. The Student's t test was used to compare demographic characteristics between men and women. These characteristics are normally distributed. The Mann-Whitney test was used to ascertain significant differences between pharmacokinetic parameters of men and women. P 0.05 was considered the cut-off value for significance.
RESULTS
The mean ± SD age of the volunteers was 23.9 ± 4.1 (range = 20-35 years), the mean ± SD body weight was 67.4 ± 9.1 kg (range = 57-78 kg), and the mean ± SD height was 169.9 ± 6.5 cm (range = 158-180 cm). The mean values of age, weight, and height were not significantly different between men and women (P 0.05). There were no significant side effects observed in any volunteer.
The described tandem mass spectrometric method was fully validated and proved to be sensitive, selective, and accurate for quantification of AS and its active metabolite, DHA, in human plasma samples. The linear range of the method was 1-2000 ng/mL and the lower limit of quantification for both drugs was 1 ng/mL (relative SD 20%). The precision study for AS and DHA was conducted by using quality control samples of 10, 50, 300, and 1,500 ng/mL for both drugs. The inter-run precisions were in the range of 4.4-12.6% for AS and 4.3-12.9% for DHA. The intra-run precisions were ranged between 4.2% and 9.2% for AS and 5.2% and 10.0% for DHA. The assay method exhibited lack of ion suppression/enhancement when assessed for matrix effect.
The mean ± SEM plasma concentration-time profile of AS after oral administration of AS alone and in combination with SP is shown in Figure 1 . The mean ± SEM plasma concentration time profile of the active metabolite, DHA, under the same conditions described above, is shown in Figure 2 . The computed pharmacokinetic parameters of AS and DHA for all volunteers are shown in Tables 1 and 2 , respectively. The pharmacokinetic parameters derived for DHA assumed complete conversion of AS. 31 As shown in Tables 1 and 2 , the pharmacokinetic data for AS and DHA after AS alone or in combination with SP were similar except for Tmax, which was significantly increased (P 0.05) for AS and DHA when AS was combined with SP. The median (interquartile range) of Tmax for AS after *IQR = interquartile range; t 1/2 = elimination half-life; T max = time needed to attain maximum concentration; Cmax = maximum plasma concentration; AUC0-1 = areas under the plasma concentration-time curves; Vd/F = volume of distribution; CL/F = oral clearance. †Statistically significant (P 0.05) by Wilcoxon matched-pair signed-rank test.
AS alone or in combination with SP was 1.0 (0.5-1.5) hours and 1.5 (1.1-2.0) hours, respectively (Table 1) . Similarly, the median (interquartile range) of Tmax for DHA after AS alone or in combination with SP was 1.5 (1.0-1.5) hours and 2.0 (1.6-3.8) hours, respectively ( Table 2 ).
The pharmacokinetic parameters of AS and DHA for men and women are shown in Tables 3 and 4 , respectively. As shown in Table 3 , the t 1/2 values of AS and DHA were significantly (P 0.05) increased in women compared with those in men after AS alone or in combination with SP. In addition, after combination therapy, the AS oral clearance (CL/F) value was substantially decreased (P 0.05) in women than in men. However, for AS monotherapy, the oral clearance was similar (P 0.05) in men and women (Table 3) . Moreover, the other pharmacokinetic parameters of AS were similar in both groups (Table 3) . After AS alone, the Vd of DHA was appreciably (P 0.05) higher in women than in men. However, for combination therapy, the Vd of DHA was not significantly (P 0.05) different in men and women (Table 4 ). In addition, the other pharmacokinetic parameters of DHA were similar in both groups after AS alone or in combination with SP.
DISCUSSION
Artesunate in combination with SP is currently considered the first-line therapy for treatment of uncomplicated P. falciparum malaria in Sudan and worldwide. However, limited data are available on the impact of SP on the pharmacokinetics of AS and its active metabolite, DHA. The main objective of the present study was to investigate the pharmacokinetic parameters of AS and DHA in Sudanese healthy adult volunteers when an orally administered AS dose was co-administered with oral doses of SP.
After oral administration, high inter-individual variability was observed in plasma levels, as well as the pharmacokinetic parameters of AS and DHA (Figures 1 and 2 and Tables 1  and 2 ), which is consistent with results of previous studies. 32, 33 This finding may be caused by several factors, the most important of which is related to drug metabolism. Artesunate is presumed to undergo marked first-pass effect; thus, the variability might be caused by differences in the extent of the enzyme activity among persons. 15 After AS alone or in combination with SP, it has also been observed that the C max and AUC values of DHA, in the present study, exceeded that of AS (Tables 1 and 2 ).
The median increase in the AUC of DHA was more than 10 fold after AS alone or in combination with SP, and this *IQR = interquartile range; t1/2 = elimination half-life; Tmax = time needed to attain maximum concentration; Cmax = maximum plasma concentration; AUC0-1 = areas under the plasma concentration-time curves; Vd/F = volume of distribution; CL/F = oral clearance. †Statistically significant (P 0.05) by Wilcoxon matched-pair signed-rank test. Table 3 Pharmacokinetic parameters of artesunate (AS) alone and in combination with a single dose of 3 sulfadoxine/pyrimethamine (SP) tablets in healthy volunteers, Sudan* Parameter AS alone, median (IQR) (n = 9 men, 7 women) P AS + SP, median (IQR) (n = 9 men, 7 women) P result is consistent with previously reported findings. 28 This finding could be caused by rapid and complete biotransformation of AS to DHA. Furthermore, the present study demonstrated that AS was rapidly absorbed and reached its peak plasma concentration within 1.0 hour and 1.5 hours when administered alone and in combination with SP, respectively. Similarly, DHA reached its peak plasma concentration 1.5 hours and 2.0 hours after AS monotherapy and in combination with SP, respectively. As demonstrated by the marked changes in T max , co-administration of SP with AS substantially delayed the rate of AS oral absorption (P = 0.02), as well the rate of appearance of the active metabolite, DHA, (P = 0.03). However, the C max values of the two drugs were not significantly different during AS monotherapy or in combination with SP (Tables 1 and 2 ). This finding was probably caused by decreased dissolution of AS when combined with SP in the gastrointestinal tract, which led to a decreased absorption rate of AS. Furthermore, the decrease in AS dissolution, as a consequence of SP combination, would probably also delay the rate of appearance of DHA. In this regard, a previous study reported that the catalytic hydroxylation of AS to DHA is pH dependent and this factor may influence the rates at which either compound are absorbed into the gastrointestinal tract. 34 The other pharmacokinetic parameters of AS and DHA (t 1/2 , AUC, CL/F, and V d /F) were not significantly different when AS was administered alone or in combination with SP in healthy volunteers (Tables 1 and 2 ). Although T max median values of AS and DHA were significantly increased, there was no impact on C max or AUC; the increase is thus considered as clinically irrelevant.
The findings of the present study demonstrated that after AS alone, the median value of DHA oral clearance (CL/F) was 2.2 L/kg/hour, which is consistent with that of a previous report of healthy adult volunteers, in which the result was 3.35 L/kg/hour. 35 Moreover, after AS alone, the median value of the V d of DHA in our study was 4.9 L/kg, which is also consistent with the value of 4.14 L/kg in the previous report. 35 Furthermore, after AS alone, the median value of t 1/2 for DHA in our study was 1.6 hours and was comparable to the values reported in previous studies with healthy volunteers (1.5-1.68 hours). [35] [36] [37] The lack of effect of SP on the pharmacokinetic parameters of AS and DHA could be caused by the difference in metabolic pathways of AS and SP. In this regard, AS is known to be completely hydrolyzed in the blood by tissue cholinesterases to yield its active metabolite, DHA, 38 and DHA is further conjugated by the UDP-glucuronosyltransferase system. 39 In addition, AS has been reported to be metabolized by CYP450. In this regard, CYP2A6 has been found to be the major metabolizing enzyme for AS. 40 The genetic polymorphisms of CYP2A6 may play a clinically relevant role and presumably be responsible for the inter-individual variability seen in the present study. Conversely, sulfadoxine is metabolized in the liver by conjugation, acetylation, and glucuronidation, and only 3% of the parent drug is excreted unchanged in the urine, whereas pyrimethamine is metabolized to various unidentified metabolites and finally excreted primarily in the urine. 41 Thus, the prediction of drug-drug interaction involving AS in combination with SP cannot easily be predicted.
The present findings also showed that sex has an impact on the pharmacokinetic parameters of AS and DHA when AS was administered alone or in combination with SP. In this regard, our findings demonstrated that sex has a substantial effect on the t 1/2 of DHA and AS in men and women for both therapies (Tables 3 and 4 ). The t 1/2 values of AS and DHA were considerably high in women than in men (P 0.05) and this finding could be caused by the higher values of the volume of distribution (Vd) in women than in men (Tables 3 and 4 ). In addition, a difference in t1/2 could also be caused by a change in CL/F because there was a trend of higher values of Vd and lower CL/F for women than for men for both drugs (although not all of these values reached statistical significance). The other pharmacokinetic parameters were similar among the two groups (Tables 3   Table 4 Pharmacokinetic parameters of dihydroartemisinin (DHA) after oral administration of artesunate (AS) alone and combined with a single dose of 3 sulfadoxine/pyrimethamine (SP) tablets in healthy volunteers, Sudan* Parameter DHA after administration of AS, median (IQR) (n = 9 men, 7 women) P DHA after administration of AS + SP, median (IQR) (n = 9 men, 7 women) P *IQR = interquartile range; t 1/2 = elimination half-life; T max = time needed to attain maximum concentration; C max = maximum plasma concentration; AUC 0-1 = areas under the plasma concentration-time curves; Vd/F = volume of distribution; CL/F = oral clearance. †Statistically significant (P 0.05) by Mann-Whitney test. and 4). The Vd of DHA was significantly higher in women than in men, and this finding could be caused by the lower bioavailability or protein binding of DHA in women than in men. Also, the protein binding of AS and DHA is relatively high (75% and 93% for AS and DHA, respectively). 24, 42 Because AS and DHA are non-restrictive clearance drugs, 43 any change in the level of protein binding is unlikely to produce significant changes in the clearance of AS or DHA because the clearance of these drugs is dependent on hepatic blood flow and independent on the protein binding capacity of such drugs. This finding could presumably explain the unaltered clearance levels of AS (after AS alone) and DHA (after AS alone and combined therapy) in healthy men and women in the present study. However, the significant increase in CL/F values for AS in men in contrast to that in women (after combination therapy) could be caused by substantial inter-individual and intra-individual variability in the plasma levels of AS or low bioavailability (F) values of AS in men. However, the effect of low bioavailability values needs further investigation.
The main limitations of the present study were the relatively small sample size (n = 16) and the fact that the study was conducted only with healthy volunteers and did not involve patients with uncomplicated falciparum malaria. However, these limitations would be taken into consideration in further studies.
In conclusion, the lack of statistically significant effect on the pharmacokinetic parameters of AS and DHA in the present study may suggest effectiveness of AS combined with SP therapy. Sex had an impact on the t 1/2 of AS and DHA in both groups when AS was administered alone or in combination with SP in healthy Sudanese persons. Further investigations with a larger number of persons are warranted to assess the pharmacokinetic profiles of AS and DHA when AS is combined with SP in Sudanese patients with uncomplicated falciparum malaria.
